Aims/hypothesis Insulin analogues were developed to improve the pharmacological properties of injected insulin and to better mimic endogenous insulin output. However, certain insulin analogues have been suggested to display IGF-I-like biological activities. Furthermore, several recent epidemiological studies have suggested a potential increase in cancer risk for treatment of diabetes patients with longacting analogue insulin glargine (A21Gly,B31Arg,B32Arg human insulin). Additional studies, however, reported no increased cancer risk. The purpose of the present study was to identify the receptor(s) and signal transduction pathways responsible for the biological actions of insulin glargine and insulin detemir (B29Lys[ε-tetradecanoyl],desB30 human insulin). Methods The colon cancer-derived cell line HCT116 was treated with increasing doses of insulin glargine, insulin detemir, regular insulin or IGF-I, and receptor activation was evaluated by immunoprecipitation assays. IGF-I receptor (IGF-IR) internalisation following insulin glargine treatment was assessed by confocal microscopy. Activation of the Akt and extracellular signal-regulated kinase pathways was evaluated by western blots. The anti-apoptotic effect of the analogues was measured by poly-(ADP ribose) polymerase antibody and annexin assays. Results We found evidence for dual activation of the insulin receptor and IGF-IR by the analogues. Dosedependency experiments showed that insulin glargine was able to phosphorylate the IGF-IR at fivefold lower doses than those required to activate the insulin receptor. We also showed that insulin glargine can lead to prolonged activation of the receptors and therefore promote abnormal signalling. Confocal imaging experiments showed that insulin glargine, but not regular insulin induced IGF-IR internalisation similarly to IGF-I. Finally, both analogues displayed IGF-I-like anti-apoptotic activities and stimulated cell cycle progression. Conclusions/interpretation Our data indicate that insulin glargine and insulin detemir display atypical signalling activities that differ from those elicited by regular insulin and involve activation of the anti-apoptotic IGF-IR.
Introduction
Exogenous insulin is the only therapy available for type 1 diabetes, but is also used to treat type 2 diabetes [1] . Ideally, insulin therapy should mimic normal endogenous insulin secretion, which occurs in two distinct patterns of discharge: bolus (postprandial) and basal (constitutive) secretions. In recent years, insulin analogues were developed to improve the pharmacological properties of injected insulin and to better mimic endogenous insulin output [2] [3] [4] . Produced by DNA recombinant technologies, insulin analogues can be divided into two major subgroups: shortacting and long-acting, according to absorption rates and action kinetics. Short-acting analogues are absorbed rapidly in capillaries, resulting in quick onset of action that resembles physiological postprandial secretion. Long-acting analogues, on the other hand, have slow and constant absorption rates that mimic basal insulin secretion.
The majority of modifications in insulin analogues were introduced into the C-terminus of the B-chain because this domain was not considered critical for binding of the ligand to the insulin receptor [2] . For example, insulin glargine (A21Gly,B31Arg,B32Arg human insulin), a long-acting analogue, differs from native insulin by the addition of two arginine residues at the C-terminal end of the B-chain and replacement of asparagine by glycine at position A21. The net consequence of these modifications is reduced solubility at neutral pH, leading to the formation of a microprecipitate at the injection site, which gradually dissociates and is absorbed into capillaries [5] . Longacting insulin analogue insulin detemir (B29Lys[ε-tetradecanoyl],desB30 human insulin), on the other hand, was generated by omitting a threonine residue at position B30 and by acylation of a lysine residue at position B29 with myristic acid, a C14 fatty acid chain. Insulin detemir binds in the blood to albumin via its fatty acid moiety [6] . The major protraction occurs via albumin binding and stabilisation of the hexamer by myristic acid in the subcutis at the injection depot, a process that results in delayed absorption.
The IGFs, IGF-I and IGF-II, are structurally and functionally related to insulin [7] . Similarly, the IGF-I receptor (IGF-IR), which mediates most of the biological actions of IGF-I and IGF-II, displays a large similarity to the insulin receptor. Whereas the insulin receptor is mainly involved in mediating metabolic types of action, the IGF-IR primarily mediates growth and differentiation activities [8] . Furthermore, the IGF-IR has been correlated with various neoplastic processes and is over-abundant in many types of cancer [9] . Consistent with the remarkable homology between the various insulin-like ligands and their receptors, there is a certain degree of cross-talk within this growth factor family. In general, however, insulin and IGF-I display reduced affinity toward the opposite receptor [10] .
Given that some of the modifications introduced into insulin analogues are located in a domain involved in a potential interaction with the IGF-IR, it has been postulated that certain analogues may display IGF-I-like activities [11] [12] [13] . In a recent study, we investigated the biological actions of a series of long-acting and short-acting insulin analogues in cell lines derived from human cancers [14] . The actions evaluated included enhancement of cancer cell proliferation and protection from apoptosis. Our results indicated that, unlike regular human insulin, insulin glargine and insulin detemir exhibit IGF-I-like proliferative activities in colon, breast and prostate cancer cell lines in vitro. In view of the cross-talk between the insulin-like molecules and their receptors, the present study was designed to identify the receptor(s) and signal transduction pathways responsible for the biological actions of the longacting insulin analogues, glargine and detemir. Our results indicate that both of these analogues display atypical signalling activities, which differ from those elicited by regular human insulin and involve activation of the antiapoptotic IGF-IR.
Methods
Cell line and hormone treatments The human colorectal cancer cell line HCT116 was grown in RPMI-1640 medium supplemented with 10% FBS (vol./vol.), 2 mmol/l glutamine, 50 μg/ml gentamicin sulfate and 2.5 μg/ml fungizone. Starvation (serum-free) medium contained 1% BSA (wt/vol.). HCT116 cells were kindly provided by B. Vogelstein (Johns Hopkins University School of Medicine, Baltimore, MD, USA). Cells were treated with the following hormones and analogues: regular insulin (Humalin R; Lilly, Fegersheim, France); insulin glargine (Lantus; sanofi-aventis, Frankfurt, Germany); insulin detemir (Levemir; NovoNordisk, Bagsvaerd, Denmark); and IGF-I (CytoLab, Rehovot, Israel). The stock concentration of regular insulin and insulin analogue was 100 IU/ml, the stock concentration of IGF-I was 1 mg/ml. For conversion to SI units, a dose of 10 ng/ml of insulin or glargine is equivalent to 1.6 nmol/l and a similar dose of IGF-I is equivalent to 1.3 nmol/l.
Western blots Cells were serum-starved overnight and then treated with insulin glargine, insulin detemir, IGF-I or human insulin at the indicated concentrations for 10 min. Cells were collected with ice-cold PBS containing 5 mmol/l EDTA and lysed in lysis buffer (150 mmol/l NaCl, 20 mmol/l HEPES, pH 7.5, 1% Triton X-100 (vol./vol.), 2 mmol/l EDTA, 2 mmol/l EGTA, 1 mmol/l phenylmethylsulfonyl fluoride, 2 μg/ml aprotinin, 1 mmol/l leupeptin, 1 mmol/l pyrophosphate, 1 mmol/l vanadate and 1 mmol/l dithiothreitol). Samples (50 μg protein) were subjected to 10% SDS-PAGE (wt/vol.), followed by transferral of proteins to nitrocellulose membranes. Membranes were blocked with 3% fat ('fat-free') milk (vol. Immunoprecipitation assays Cell lysates (70 μg) were immunoprecipitated by incubating overnight at 4°C with anti-IGF-IR β-subunit (1:40) or anti-insulin receptor β-subunit (1:50). Protein A-G agarose beads (30 μl) were added to the samples and incubated for 2 h. Then samples were washed with PBS, mixed with sample buffer, boiled for 5 min at 95°C and electrophoresed through 10% SDS-PAGE. Finally, membranes were blotted as described above with anti-phosphotyrosine, anti-IGF-IR β-subunit or antiinsulin receptor β-subunit.
Confocal microscopy analysis HCT116 cells were plated on cover slips in six-well plates (5×10 3 cells/well) for 24 h. Cells were transfected with a plasmid encoding the full-length IGF1R cDNA fused to a green fluorescent protein (GFP) marker. The plasmid was kindly provided by R. O'Connor (Department of Biochemistry, University of Cork, Cork, Ireland). After 48 h, cells were treated with insulin glargine, regular insulin or IGF-I for 20, 40 or 60 min, and washed with PBS. Fixation was performed with 100% methanol for 20 min at −20°C, after which cells were washed with PBS and stained with DAPI (5 μg/ml) for 5 min. Cover slips were mounted on microscope slides and visualised using a confocal microscope (SP5; Leica, Wetzlar, Germany).
Apoptosis analyses HCT116 cells were plated on 6-well plates (5×10 5 cells/well). After 24 h, the medium was changed to starvation medium (containing 1% [wt/vol.] BSA) and grown for an additional 24 h, after which cells were treated with the various ligands at a dose of 50 ng/ml. Following hormonal stimulation, cells were collected, washed and centrifuged. Apoptosis was evaluated by western blots using a poly-(ADP ribose) polymerase (PARP) antibody. In addition, apoptosis was measured using a kit (Annexin V-FITC Apoptosis Detection Kit; Bender Med Systems, Vienna, Austria). Briefly, annexin V-FITC was added to the cell suspension and incubated for 10 min in the dark. Propidium iodide was added and stained cells analysed using a flow cytometer (FACSort; Beckton Dickinson, Franklin Lakes, NJ, USA).
Cell cycle analysis Cells were plated and treated with the various ligands as described in the previous section. Cell pellets were washed with PBS and centrifuged, after which 500 μl PBS and 25 μl Triton X-100 4% were added. Cells were dyed with propidium iodide at a final concentration of 50 μg/ml. DNA content was analysed by FACSort and the Windows Multiple Document Interface for Flow Cytometry software package (WinMDI 2.9; Scripps Research Institute, La Jolla, CA, USA).
Statistical analysis
The statistical significance of differences between experimental groups was assessed by Student's t test (two samples, equal variance) with a p value of 99%.
Results
To investigate the signalling pathways involved in insulin analogues action in colon cancer cells, our initial experiments measured the basal levels of insulin receptor and IGF-IR in the HCT116 cell line. As shown in Fig. 1a , b, HCT116 cells express both receptors at similar levels. These results were confirmed by immunofluorescent microscopy using anti-IGF-IR and anti-insulin receptor antibodies (data not shown). Incubation of the cells for 24 h in serum-free (starvation) medium had no effect on basal receptor levels (Fig. 1a, b) . To identify the specific receptor(s) activated by insulin glargine in comparison to regular human insulin or IGF-I, confluent cells were maintained overnight in starvation medium, after which they were treated with a physiological dose of insulin glargine (50 ng/ml) for 10 min. At the end of the incubation, receptor phosphorylation was evaluated by immunoprecipitation assays. Specifically, lysates were immunoprecipitated with anti-insulin receptor (Fig. 1c) or anti-IGF-IR ( Fig. 1d ) for 24 h, electrophoresed through 10% SDS-PAGE and immunoblotted with antiphosphotyrosine. Results showed that, at a dose of 50 ng/ml, each receptor was preferentially activated by its cognate ligand, with minimal cross-activation by the heterologous hormone. Similarly to regular insulin, insulin glargine also stimulated insulin receptor phosphorylation; in addition, it also phosphorylated the IGF-IR in an IGF-I-like manner.
Next, we characterised the dose-dependency of insulin receptor and IGF-IR activation by insulin glargine. To this end, starved cells were treated with increasing doses of insulin glargine, regular insulin or IGF-I (5, 10, 25, 50 or 100 ng/ml) for 10 min, while untreated cells served as controls. Cells were then collected and receptor activation assessed by immunoprecipitation assays, as described above. The results revealed that insulin glargine induced insulin receptor phosphorylation in a dose-dependent manner at doses of 5 to 25 ng/ml (Fig. 2a, c) . Regular insulin, on the other hand, induced almost maximal insulin receptor phosphorylation at the lowest concentration studied (5 ng/ml). In addition, insulin glargine, similarly to IGF-I, activated the IGF-IR at a dose of 5 ng/ml, whereas regular insulin was unable to stimulate IGF-IR phosphorylation at the doses studied (Fig. 2b, d ). Equal loading was assessed by blotting the membranes with antibodies against total insulin receptor or IGF-IR. Together, the results of dose-dependent activation assays indicate that maximal insulin receptor phosphorylation was seen at a dose of 25 ng/ml insulin glargine, whereas maximal IGF-IR phosphorylation was detected at fivefold lower doses of the analogue.
Given that insulin glargine is a long-acting analogue, we evaluated receptor activation over longer periods of time. For this purpose, cells were treated with insulin glargine (50 ng/ml) and receptor activation was assessed by immunoprecipitation after various periods of time (5, 20 and 40 min, and 1, 2, 4 and 6 h). Results indicate that insulin glargine induced sustained insulin receptor phosphorylation (up to 6 h; Fig. 3a, c) , whereas its pattern of IGF-IR activation was bi-phasic, with activation peaks at 5 min and 2 h (Fig. 3b, d ). In comparison, regular insulin phosphorylated the insulin receptor in a very rapid and transient fashion (Fig. 3e) .
Next, we evaluated the ability of insulin detemir to activate the IGF-IR. To this end starved cells were incubated with increasing doses of the analogue (5, 25, 50 and 100 ng/ml) for 20 min (Fig. 4a) . In addition, cells were treated with insulin detemir for longer periods of time (1, 2 h) at a dose of 50 ng/ml (Fig. 4b) . At the end of the incubation period, cell lysates were prepared and IGF-IR phosphorylation was assessed by immunoprecipitation assays, as described above. The results revealed that insulin detemir induced IGF-IR phosphorylation in a dosedependent manner. However, at the short incubation period (20 min) insulin detemir was approximately one order of magnitude less potent than IGF-I. After a longer incubation time (1 h), the effect of insulin detemir was comparable to that of IGF-I, although this effect was not sustained, with a marked reduction of insulin detemir-induced IGF-IR activation noted after 2 h.
To evaluate the ability of insulin glargine to stimulate IGF-IR internalisation and redistribution, cells were transfected with an IGF-IR-encoding expression vector fused to a GFP tag. After 48 h, cells were treated with insulin, IGF-I or insulin glargine for 20, 40 or 60 min, and fixed for confocal microscopy. Figure 5 shows the results of IGF-IR internalisation analysis at 40 min. Control cells expressed the IGF-IR primarily on the cell membrane (Fig. 5a ). Insulin treatment did not significantly affect the distribution of IGF-IR (Fig. 5b) . When treated with IGF-I, a portion of the tagged receptor displayed, in addition to its cell-surface distribution, a perinuclear localisation, implying IGF-IR internalisation (Fig. 5c) . Treatment with insulin glargine produced a similar effect to that seen with IGF-I, i.e. reduced membrane localisation and perinuclear accumulation of the IGF-IR (Fig. 5d) .
To address the activation of downstream signalling molecules by insulin glargine and insulin detemir in comparison to regular insulin or IGF-I, cells were incubated with the ligands for up to 1 h and Akt phosphorylation was measured by western blot analysis with anti-phospho-Akt antibodies at 15, 30 and 60 min. The results showed that insulin glargine strongly stimulated Akt phosphorylation at 30 min, an induction that paralleled the effect of insulin (Fig. 6a, b) . At this time point, IGF-I-and insulin detemirstimulated Akt phosphorylation were significantly lower. No significant differences between the ligands in terms of Akt phosphorylation were seen at 60 min, whereas at 15 min basal Akt phosphorylation was elevated and no (Fig. 6c, d ). Under our experimental conditions, regular insulin exhibited the strongest potency at all time points. Notably, the ability of insulin glargine and insulin detemir to activate ERK1/2 was largely reduced at 60 min.
Next, the potential protection from apoptosis afforded by insulin glargine and insulin detemir were evaluated. To this end, cells were starved for 24 h, after which they were treated with the various ligands at a dose of 50 ng/ml for an additional 24 h. Cells were collected and apoptosis was assessed by western blot using anti-PARP. The results show that insulin glargine and insulin detemir treatments were associated with 21% and 50% reductions respectively (vs control cells) in the intensity of the~85 kDa band, which represents a cleavage product of the full-length PARP (~116 kDa) and serves as a marker of cells undergoing apoptosis (Fig. 7a-c) . The intensity of the~85 kDa band in insulin-treated cells was similar to that in control cells, consistent with a reduced anti-apoptotic effect. As expected, use of IGF-I led to a 58% reduction in PARP cleavage. These results were corroborated using an Annexin V-FITC kit. FACS analysis revealed that IGF-I and insulin glargine reduced the proportion of apoptotic cells from 5.1±0.4% to 3.1±0.7% and 2.8±0.6%, respectively, whereas insulin had no protective effect (Fig. 7d) . Finally, we evaluated the ability of insulin glargine to stimulate cell cycle progression. For this purpose cells were treated with 50 ng/ml of insulin glargine, insulin or IGF-I for 10 h, and collected for cell cycle analysis. Untreated cells were used as control. Cells were dyed with propidium iodide and analysed by FACS for DNA content. Quantification of the cell fraction at S-phase revealed that insulin glargine, similarly to IGF-I, enhanced the fraction of cells at S-phase (Fig. 7e) . Insulin, on the other hand, had no effect on cell cycle progression.
Discussion
Results of epidemiological studies linking diabetes mellitus with cancer prevalence are controversial; however, diabetes seems to be a risk factor for various tumours, including colon, pancreas, breast and liver cancers [15] . In the specific context of colorectal cancer, recent epidemiological studies have provided evidence that hyperinsulinaemia and hyperglycaemia confer an increased cancer risk in patients with type 2 diabetes [16, 17] . Thus, in a retrospective cohort study among all patients with a diagnosis of type 2 diabetes mellitus in the General Practice Research Database from the UK, chronic insulin therapy was shown to significantly increase the risk of colorectal cancer among type 2 diabetes patients (197 cancer cases per 100,000 person-years in insulin users, compared with 124 cancer cases per 100,000 person-years in patients not receiving insulin) [16] .
The use of insulin analogues as a replacement therapy to physiological insulin allows more convenient and flexible diabetes management. However, the spectrum of biological activities elicited by insulin analogues has been controversial, and serious safety concerns regarding the mitogenic Although interpretation of the data proved to be very difficult, critical analyses are consistent with the notion that, after adjusting for dose, use of insulin glargine is associated with a possible increased risk of tumours in humans. Hemkens et al. [19] analysed a data set including 127,031 patients from a German health insurance fund. A positive association between cancer incidence and insulin dose was found for all insulin types. However, because patients receiving combined therapy were excluded, the mean daily dose was much lower for insulin glargine than for regular insulin. After adjusting for the dose, therefore, a dosedependent increase in cancer risk was found for treatment with insulin glargine compared with regular insulin (p< 0.0001). Similar overall trends were reported in a Swedish study based on 114,841 diabetic patients and a Scottish study including 49,197 patients [20, 21] . No correlation between insulin analogues treatment and cancer risk was seen in a UK-based study [22] . However, the methodology and interpretation of epidemiological data was criticised by other authors. For example, Nagel et al. [23] indicated that the study by Hemkens et al. [19] compared subsets of patients that cannot easily be compared. Nagel observed that patients with either type 1 or type 2 diabetes mellitus were included, although the type and frequency of malignancies associated with either disease are different. In addition, Nagel criticised the fact that Hemkens et al. explained the overall lower cancer incidence in the insulin glargine group as 'an imbalance in the distribution of dose groups'. The present study provides empirical evidence for dual activation of the insulin receptor and IGF-IR by insulin glargine and insulin detemir. Specifically, dose-dependency experiments showed that insulin glargine was able to phosphorylate the IGF-IR at fivefold lower doses than those required to activate the insulin receptor (i.e. 5 ng/ml insulin glargine were required for maximal IGF-IR phosphorylation compared with 25 ng/ml required to activate the insulin receptor; Fig. 2 ). Our data also indicate that insulin glargine can lead to prolonged activation of the (Fig. 3a-d) . In comparison, regular insulin induced rapid and transient insulin receptor phosphorylation (Fig. 3e) . In addition, the present study provides evidence that insulin detemir activates the IGF-IR; however, this long-acting analogue was markedly less potent than insulin glargine in this respect (Fig. 4) . Interestingly, insulin glargine exhibited normal insulin receptor association in rat-1 fibroblasts overexpressing insulin receptor A and insulin receptor B, but different dissociation kinetics in cells expressing insulin receptor A. Insulin glargine, in addition, induced rapid phosphorylation of the insulin receptor [24] . Kurtzhals et al. [12] reported that insulin glargine and insulin detemir differed significantly from human insulin in their binding and biological profiles. Specifically, insulin glargine exhibited a six-to eightfold increased affinity for the IGF-IR compared with insulin in Chinese hamster ovary cells overexpressing the receptor and also displayed enhanced mitogenic potency in osteosarcoma cells. Insulin detemir, on the other hand, displayed a reduced receptor affinity for the IGF-IR, as well as diminished metabolic and mitogenic potencies. Comparisons between the various studies are difficult due to the many cell types and experimental conditions in which analogues were analysed. Our confocal imaging experiments showed that insulin glargine induced IGF-IR internalisation similarly to IGF-I, whereas insulin did not exhibit such activity (Fig. 5) . These analyses imply a similarity in the signalling activities elicited by IGF-I and insulin glargine. Hence, although insulin analogues were designed to display insulin-like metabolic effects, our data support the notion that insulin glargine also exhibits IGF-Ilike activities and, accordingly, functions like an IGF-I analogue.
Biological studies have shown that insulin glargine and insulin detemir have a positive effect on cell cycle progression and display anti-apoptotic activities [14, 25] . These results are consistent with our signalling analyses, showing that insulin glargine exhibited IGF-I-like activity in terms of IGF-IR phosphorylation, internalisation and cellular re-distribution. However, in terms of downstream signalling activation, the picture is more complex. Thus we observed that insulin glargine activated Akt in an insulinlike manner, whereas it activated ERK similarly to IGF-I. Specifically, treatment with insulin or insulin glargine led to significant increases in phospho-Akt levels after 30 min, with reduction to almost basal levels after 60 min. The effects of IGF-I and insulin detemir on Akt phosphorylation were lower than those of regular insulin and insulin glargine (Fig. 6a, b) . The Akt pathway is known to mediate mainly insulin metabolic effects, which could explain the finding that insulin glargine induced Akt activation in an insulin-like fashion. The ERK pathway is known to be important in terms of mitogenicity. Consistently, our data indicated that insulin glargine-and insulin detemir-induced ERK phosphorylation paralleled IGF-I-induced activation at all time points studied (Fig. 6c, d) . The biological implications of the atypical signalling patterns of insulin glargine and detemir need to be further investigated. Fig. 7 Analysis of the anti-apoptotic activities of insulin glargine and insulin detemir. a Starved HCT116 cells were incubated for 24 h with 50 ng/ml IGF-I or regular insulin, and (b) insulin glargine or insulin detemir, after which cells were lysed, electrophoresed through 10% SDS-PAGE, transferred to membranes and blotted with an anti-PARP antibody. The 85 kDa PARP band represents an early sign of apoptosis. Blots were reprobed with anti-tubulin as a loading control. c Densitometric scanning of the 85 kDa PARP band normalised to the corresponding tubulin band for three independent experiments. Bars are mean ± SEM. A value of 100% was assigned to the PARP/tubulin ratio in untreated (control) cells. *p<0.05 vs control; †p<0.05 vs insulin treatment. d Starved cells were treated with 50 ng/ml regular insulin, IGF-I or insulin glargine for 12 h and collected for Annexin V-FITC apoptosis assay (n=5 independent experiments). Bars are per cent apoptotic cells (mean ± SEM). *p<0.05 vs control and regular insulin treatment. e Cell cycle analysis. Cells were treated with the indicated hormones for 10 h, after which they were collected for cell cycle analysis, as described in text. Bars are per cent of cells in S-phase (mean ± SEM, n=3 independent experiments). *p<0.05 vs control and regular insulin treatment In summary, the present study provides evidence for insulin glargine-and insulin detemir-induced dual activation of the insulin receptor and IGF-IR, and suggests that insulin glargine, unlike regular insulin, can activate both receptors for prolonged periods of time, hence promoting abnormal signalling. Insulin detemir, while capable of inducing IGF-IR phosphorylation, had a reduced effect in comparison to IGF-I and insulin glargine. Importantly, and especially given that our study was performed on a cancer cell line, no conclusions can be drawn about the potential impact of the analogues on cancer aetiology and progression. The clinical implications of the atypical signalling activities of insulin glargine and insulin detemir remain to be evaluated.
